We postulate a novel and general mechanism in which the redox-active sulfur donor group of cyst(e)ine confers oxidoreductive characteristics on stable zinc sites in proteins. Thus, the present, an earlier, and accompanying manuscripts Metallothionein (MT) is a unique metalloprotein in which cysteine constitutes one-third of its amino acids and histidine and aromatic amino acids all are completely absent. All 20 cysteines bind seven zinc atoms such that each metal atom has a complement of four cysteine ligands. It is important to emphasize that the by now well known multinuclear cluster network, identified by both x-ray diffraction and NMR spectroscopy only less than a decade ago (1,2), shows the exceptional structural arrangement that was hitherto unknown in zinc/sulfur chemistry and has thus far been encountered solely in biological material such as MT. The zinc/cysteinyl interactions in the two clusters are of two different types: they are either bridging or terminal cysteine thiolates. In the ␤-domain cluster, three bridging and six terminal cysteine thiolates provide a coordination environment that is formally identical for each of the three zinc atoms. In the ␣-domain cluster, there are two different zinc sites; two of them have one terminal ligand and three bridging ligands, respectively, while the other two have two terminal and two bridging ligands.
Metallothionein (MT) is a unique metalloprotein in which cysteine constitutes one-third of its amino acids and histidine and aromatic amino acids all are completely absent. All 20 cysteines bind seven zinc atoms such that each metal atom has a complement of four cysteine ligands. It is important to emphasize that the by now well known multinuclear cluster network, identified by both x-ray diffraction and NMR spectroscopy only less than a decade ago (1, 2) , shows the exceptional structural arrangement that was hitherto unknown in zinc/sulfur chemistry and has thus far been encountered solely in biological material such as MT. The zinc/cysteinyl interactions in the two clusters are of two different types: they are either bridging or terminal cysteine thiolates. In the ␤-domain cluster, three bridging and six terminal cysteine thiolates provide a coordination environment that is formally identical for each of the three zinc atoms. In the ␣-domain cluster, there are two different zinc sites; two of them have one terminal ligand and three bridging ligands, respectively, while the other two have two terminal and two bridging ligands.
We have performed and advocated experiments to relate the structure of MT to its possible function(s) on the basis of the nature of zinc coordination in MT (3) (4) (5) . We have suggested that the characteristics of the cluster motif might be the key to the mode of cellular zinc distribution (6) . MT binds zinc with high thermodynamic stability [K d ϭ 1.4 ϫ 10
Ϫ13
M for human MT at pH 7.0 (7)] while simultaneously providing a mechanism for kinetic lability whereby zinc can be released at rates that are orders of magnitude greater than those observed for zinc metalloenzymes. Zinc, as well as cadmium, is known to undergo rapid inter-and intracluster exchange (8, 9) .
MT apparently binds zinc with higher affinity than do many other proteins. For MT to serve as a source for the distribution of zinc, mechanisms would be required that could regulate the binding and release of the metal. It has been shown that an interaction of MT with glutathione disulfide (GSSG) or other biological disulfides releases zinc (10, 11) and that the combination of reduced glutathione (GSH) and GSSG enhances transfer of zinc from MT to an apoenzyme (12) . This has led us to infer that the reactivity and redox behavior of the sulfur ligands in the MT clusters are crucial for the dynamic state of zinc. We proposed that the zinc-sulfur cluster chemistry might be sensitive to changes of the cellular redox state and that oxidizing conditions induce the transfer of zinc from its binding sites in MT to those of lower affinity in other proteins.
We here provide additional support for this concept and show that a number of compounds, including some of potential biological importance, can oxidize the thiolate ligands of zinc in MT with concomitant release of zinc. We conclude that the redox properties of MT and their effect on zinc in the clusters are crucial to its function, which is further affected by additional interactions (12, 13) .
MATERIALS AND METHODS
Materials. Charge-separable cadmium and zinc MT-1 and -2 isoforms were prepared from rabbit or human liver according to established procedures (14) . DsbA, a protein disulfide isomerase from Escherichia coli, was from Boehringer Mannheim. The sources of other chemicals have been described (9) .
Preparation of MT Isoforms. MT was reduced and reconstituted with zinc to obtain species that have (i) a defined content of 20 sulfhydryls as determined by spectrophotometric titrations with 2,2Ј-dithiodipyridine ( 343 ϭ 7,600 M Ϫ1 ⅐cm
Ϫ1
) and (ii) a stoichiometry of seven zinc atoms per molecule as determined by atomic absorption spectrophotometry with a Perkin-Elmer Model 2280 instrument. . The other assay is based on the reduction of oxidizing agents with suitable chromophoric properties. Redox reactions were measured at 25°C with a Cary 1E spectrophotometer (Varian) by following the reduction of the oxidizing agent at its absorption maximum.
RESULTS AND DISCUSSION
The Zn-S Bond of MT Clusters Underlies Their Functions. Classically, zinc has not been thought to be associated with biological redox reactions, because the metal is not readily oxidizable or reducible in solution. However, it is a distinct possibility that a change in the redox status of a donor atom of a zinc compound might alter the overall oxidoreductive properties of the complex and hence its biological reactivity. In MT, four thiolates interact with each of the seven zinc ions to form two clusters. The stability of zinc binding in these clusters could be altered selectively through interactions with cellular oxidoreductants. As a consequence, individual zinc atoms in the clusters could be differentially affected and become particularly reactive for transfer to other proteins. It is unlikely that such possibilities would have been considered prior to the determination of the MT structure, nor would one have been led to postulate or anticipate that a cluster structure might be a chemical basis for storage, release, or exchange of zinc. Indeed, we are unaware that the oxidoreductive state of the donor atom(s) of a zinc complex-be it sulfur, nitrogen, or oxygen-has been postulated to feature in biological zinc complexes of proteins and to affect function. This hypothesis suggests an important general principle that could underlie similar interactions in other biological compounds whose presumable kinetic and thermodynamic behavior would also not be predictable. The MT cluster structure, which allows zinc to bind tightly and stably but to become mobile through donor 
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Proc. Natl. Acad. Sci. USA 95 (1998) atom modification, could have far-reaching implications. The manner and extent of such changes, brought about in metabolism, would become the subject of intensive investigations in numerous enzymatic and molecular and cellular biological systems now known. We ourselves are examining a number of these to define as far as possible redox partners for the zinc-sulfur cluster components and the number and identity of the zinc atoms in the clusters involved. In the following we present examples of the current state of our investigations. Others will be described in the accompanying (12, 13) and subsequent manuscripts. The Reaction of Oxidizing Agents with MT and Definition of Properties of MT as a Redox-Active Protein. Table 1 shows that MT is oxidized by a large number of agents whose redox potentials cover a wide range. Iron(III) (ferricyanide, cytochrome c, ferricinium ion) and copper(II) compounds, dehydroascorbate, and disulfides are examples of such redox couples. The agents are tabulated in terms of their suitability to (i) estimate the redox potential of MT, (ii) determine the lowest redox potential with which MT could be oxidized, and (iii) serve as possible partners that might oxidize MT in vivo.
We have so far examined the reaction of MT with disulfides and cytochrome c in particular detail. GSH inhibits zinc release from MT (12) , but it enhances the GSSG-induced release of zinc from MT (Fig. 1 ). This behavior is in agreement with our data that show modulation of zinc transfer from MT to zinc-depleted sorbitol dehydrogenase by GSH and GSSG (12) . On the basis of changes of the Soret band of ferricytochrome c, it has been concluded recently that rabbit liver Cd,Zn-MT reduces cytochrome c (25), but it was unknown whether zinc is released in this process. Indeed, human liver MT-2 is oxidized by cytochrome c with concomitant release of zinc (Fig. 2) . In some cases it is possible to monitor both reduction of the oxidant and zinc transfer simultaneously to ascertain that redox reactions are indeed coupled with the release of zinc. Thus, when MT reacts with the disulfide dithiodipyridine, all thiols of MT are oxidized after 1 hr, and concomitantly seven zinc ions are released as detected by reaction with zincon (Fig. 3) . † Thus far disulfides and selenite have proved to have the lowest redox potentials to oxidize MT. These findings provide an upper limit for the redox potential of MT, which must be below Ϫ366 mV-i.e., sufficiently low to allow cellular oxidants to react with MT and release zinc. A redox potential of MT ϽϪ366 mV would also be consistent with direct electrochemical studies on MT (27) , in which cyclic voltammetry has revealed oxidation͞reduction waves of MT around Ϫ380 mV (Ϫ600 mV against Ag͞AgCl). Because in biology the differences of potentials between redox couples are relatively small, disulfides and selenite are the most likely candidates for the oxidation of MT in vivo. The potentials given in Table 1 are midpoint potentials in which the concentration of the oxidant is equal to that of the reductant, a situation rarely encountered in the cell. In fact, it is not uncommon for energy-dependent mechanisms to hold redox couples such as thiol͞disulfide pairs in a nonequilibrium state (20) . Thus, for the glutathione state, the redox potential derived from measured GSH͞GSSG ratios of 30:1 to 100:1 in the cytosol has been calculated to fall between Ϫ221 and Ϫ236 mV (28) . In the endoplasmic reticulum, however, the GSH͞GSSG ratio is in the range from 1:1 to 3:1 (28), corresponding to redox potentials of Ϫ133 to Ϫ165 mV, respectively (for a total glutathione concentration of 1 mM). Thus, an oxidizing power stronger than indicated by the midpoint potential can be attained, particularly in a compartmentalized redox environment.
The capacity of biological disulfides to release zinc from MT varies considerably. Cystamine, e.g., releases 93% of zinc from MT in 1 hr, whereas in the same time and at the same concentration GSSG releases only 20% (10, 11) . Yet the identity of biological disulfides that might react with MT in vivo is not known with certainty. We speculated that ''the physiological reactant could well be a disulfide other than GSSG or a particular disulfide of a given protein or proteins'' and that ''if GSSG indeed is the cellular disulfide involved, then its reaction with MT might be enzyme catalyzed'' (10). Since writing this speculation we have examined protein disulfides as possible candidates. The family of thiol͞disulfide oxidoreductases includes thioredoxins and protein disulfide isomerases; we have selected DsbA for study as it has the highest redox potential (Ϫ125 mV) (29) . Indeed, stoichiometric amounts of this enzyme react with MT and increase zinc release (Fig. 4) . This experiment suggests that release of zinc from MT in the cell also could occur through a specific process generating a protein disulfide, presumably as a result of a local signaling event, and obviating associated concerns regarding overall redox changes in the whole cell. While a considerable change of the cellular redox state could affect many other processes, the localized production of a protein disulfide would provide the specificity that would be needed for zinc release. MT has been detected both in the cytosol and in the nucleus. Therefore, its cellular site of action requires further investigation. † Zincon (Kd(Zn) ϭ 1.26 ϫ 10 Ϫ5 M) is the only suitable chromophoric reagent known to us for the purpose, because it does not react with MT and, hence, does not affect the reactivity of thiols in MT. (Table 1 ). Disulfides; thiyl radicals, which can dimerize to disulfides; or, in the presence of oxygen, sulfenic acids (-SOH), sulfinic acids (-SO 2 H), and sulfonic acids (-SO 3 H) are possible oxidation products of thiols. The last have been generated by the oxidation of coordinated thiolate ligands (30), though we are unaware that such oxidation products, including disulfides, can act as metal ligands in a biological zinc complex. Sulfenic acid derivatives of cysteine, however, have been identified in a few enzymes either as stable or functional residues (31) . Their stabilization requires the absence of other vicinal thiols. The presence of 20 thiols in MT, therefore, would not favor their existence. Formation of thio acids would change the overall charge of MT. We have found no gel electrophoretic evidence for altered charges in oxidized MT (data not shown). MT oxidation products generated with the hydroxyl radical or superoxide anions can be fully reduced to the native protein (22) . This is generally taken as proof that oxidation states higher than disulfides have not formed, though this assumption is in need of reexamination and extension in the light of the present considerations. Moreover, MT reacts with nitric oxide to form disulfides, as demonstrated directly by resonance Raman spectroscopy (23) . Mixed disulfides and intra-and intermolecular disulfides are thought to be the product of oxidation of MT with disulfides such as Ellman's reagent (26) or with ferricyanide (24) . Also, the reaction of selenite with thiols results in the production of disulfides (32) . Only hydrogen peroxide oxidizes thiols in MT to levels higher than disulfides (21) . Thus, most agents listed in Table 1 oxidize thiolates in MT to disulfides. On the basis of current knowledge this oxidation state would seem to be the most attractive biologically, because it is readily reversible to the thiol state. Two structural features of MT strongly favor the formation of disulfides-i.e., the Cys-Cys and Cys-Xaa-Xaa-Cys motifs in the linear protein sequence and the juxtaposition of thiols in the three-dimensional structure. The cluster structure could thereby contain the blueprint for the formation of specific disulfides that might influence the specificity of zinc release. The magnitude and number of interrelationships between such potential disulfides formed among 20 cysteine-containing segments cannot be predicted from the linear sequence of MT. Their establishment and possible interaction in MT would almost certainly turn out to be a formidable experimental task by techniques now feasible. Certainly the reactivities of different thiol͞disulfide couples in MT would vary significantly, because their stability is influenced to a large extent by steric effects that can lead to differences of eleven orders of magnitude in equilibrium constants, equivalent to differences of 330 mV in their redox potentials (20) .
Corollaries of the Redox Properties of MT. Establishing the redox potential of MT that allows it to be readily oxidized by cellular constituents not only provides a different approach to determine its function, but beyond that, gives a new perspective to its nature. MT is known to react with radicals and reactive species and has been thought to be an antioxidant (33) . This potential is entirely consistent with its ranking as a relatively strong reducing agent on the redox scale (Table 1) . Indeed, MT is a chemically reactive molecule and should interact with a large number of agents. If scavenging of reactive species were a physiological function of MT, its capacity to release zinc and the subsequent cellular effects must be accounted for. We believe that MT has specific redox properties for a purpose that selectively controls the release and uptake of zinc rather than being a nonspecific antioxidant that releases the metal randomly and sporadically. Interestingly, the redox properties of MT also raise significant questions about the putative role of MT as a detoxifier of heavy metals. The relatively high reactivity of MT can also cause the dissociation of heavy metals, as has now been shown for nitric oxide-induced release of cadmium from MT (34) . This observation must be somewhat disturbing to advocates of the concept that its primary function is to protect living matter against the consequences of metal pollution. Such findings can hardly be considered as support for the belief that MT constitutes a safe repository against pollution with unwelcome heavy metals.
Retrospects and Prospects. The complete absence of aromatic amino acids or any other components with prominent spectroscopic features, including the optically silent cadmium and zinc atoms, hampered the identification of MT as a protein; its isolation, characterization, and localization; and recognition of its metabolic role(s). More than 30 years passed between its discovery (35) and the establishment of its threedimensional structure (1, 2) . Even the latter achievement failed to provide parameters to guide the experimental search for its function.
It was during these 30 years that the indispensability of zinc to development, growth, and differentiation in all phyla and species gained prominence together with the recognition of zinc-binding signature sequences in enzymes and other proteins that underscore zinc's biochemical and functional diversity (36) . The identification of MT as an oxidoreductive component of a zinc storage and distribution system simultaneously raises questions of how it might operate to ensure homeostasis and fine-tuning. Much as the important and potentially far-reaching role of MT in this regard has just been recognized, the emerging knowledge of zinc metabolism is provocative and timely and suggests the existence of a corollary metabolic system at the intersections of protein, nucleic acid, and zinc chemistry. Clearly, the distribution of zinc and the priorities of its delivery and transfer require as careful an orchestration and coordination as that of the macromolecules to which it lends specificity. It seems reasonable to postulate the existence of a regulatory system at these interfaces designed to achieve fine-tuning of the relevant processes.
The awareness of the importance of zinc in metabolism is counterbalanced by the large gaps in knowledge of the laws that regulate its participation and how they relate to MT. Clearly, zinc binds quite tightly to proteins and hence, free zinc is not readily available in the cell. Rather, a network of transporters seems to coordinate its transmembrane traffic (37) (38) (39) (40) (41) (42) at considerable expenditure of energy, apparently ensuring and safeguarding its availability, and to provide it when needed. If zinc is handled almost exclusively while complexed to proteins, how is it then passed from one protein to another and how is it distributed and allocated? Answers to such questions are not obvious, because zinc traffic does not seem to be driven solely by thermodynamic gradients: flux of zinc does not necessarily move it from a site of low binding affinity to other sites of higher binding affinity. Here MT exemplifies how zinc is handled. In MT, zinc is bound quite tightly, with one of the tightest binding constants of zinc in the cell. How then can zinc be transferred from MT to binding sites of lower binding affinity? Our results suggest how this could be achieved.
The mechanisms by which zinc is mobilized from its biological binding sites and distributed among proteins define an important aspect of inorganic biochemistry. While thiol redox chemistry apparently controls the flux of redox-inert zinc, the strong binding of zinc to thiol ligands also suggests that redox-inert zinc might help to control the thiol͞disulfide redox state, much as this influence of zinc on redox equilibria has not been widely appreciated. The gap in knowledge has apparently persisted owing to the fact that the properties of zinc have held little attraction for experimentalists because the metal lacks accessible spectroscopic properties and because much of the zinc in the typical adult is contained in MT, a protein whose function was not apparent.
We have reached the threshold of a new chapter in zinc chemistry and its impact on life processes. It now presents us with problems whose time for solution has come.
